Poly(ethylene glycol), PEG, is a biofunctional molecule that inhibits the adsorption of proteins. Therefore, the immobilization of PEG on a metal surface is an important step in making metal surfaces biofunctional. The bonding manner of PEG to a titanium surface is significant for the design of PEG-immobilized materials; however, there are few characterization techniques for the determination of the immobilization manner of PEG. In this study, PEG terminated at one or both terminals with amine bases was immobilized on a titanium surface with electrodeposition and immersion. The electrodeposition was carried out with À5 V for 300 s. The immobilization manner of PEG was characterized using X-ray photoelectron spectroscopy (XPS) with an angle-resolved technique and glow discharge optical emission spectroscopy (GD-OES). As a result, not only electrodeposition but also immersion led to the immobilization of PEG onto a titanium surface. However, more terminated amines combined with titanium oxide as an ionic NH-O with electrodeposition, while more amines randomly existed as NH 3 þ in the PEG molecule with immersion. Moreover, the difference in the amine termination resulted in a different manner of bonding. The PEG terminated at both terminals immobilized in a U shape, and the PEG terminated at one terminal immobilized a brush. Characterization with XPS and GD-OES is useful to determine the immobilization mode of PEG to a solid surface.
Introduction
Recently, biofunctions are required for metals. For example, stents are placed at stenotic blood vessels for dilatation, and blood compatibility or prevention of adhesion of platelets is necessary. Sliding lubrication in blood vessels is important when inserting guide wires and guiding catheters. In addition, if metals were to be used as sensing devices, the control of cell adhesion would be necessary. For these purposes, the fundamental property is the inhibition of protein adsorption. Poly(ethylene glycol), PEG, is a biofunctional molecule that inhibits the adsorption of proteins. Therefore, the immobilization of PEG to a metal surface is an important event to bio-functionalize a metal surface.
There are several stages in the process of immobilizing PEG on solid surfaces that have been recently studied. For example, the immobilization of PEG on silica or titanium surfaces consists of a two-stage reaction. 1) In the first stage, an aminosilane or a thiosilane is reacted with a clean oxide surface to form a surface that is rich in amine or thiol functionalities. In the second stage, a PEG polymer that contains a functional group that is reactive with the modified surface is coupled to the surface. On the other hand, a certain amount of PEG is immobilized on titanium with electrodeposition when PEG is terminated by amine bases.
2) The adsorption of albumin on a titanium surface is inhibited by immobilization. The technique is simple and universal for electroconductive materials and those with a complex morphology. However, the immobilization manner of PEG to a titanium surface with electrodeposition is not completely elucidated in the study referred to above.
In this study, PEG with both terminals or one terminal modified with amine bases was immobilized onto a titanium surface with electrodeposition. The immobilization manner and chemical bonding state were characterized using X-ray photoelectron spectroscopy (XPS) with an angle-resolved technique and glow discharge optical emission spectroscopy (GD-OES). This study will enhance the understanding of the electrodeposition of PEG on metals.
Materials and Methods

Electrodeposition
Both terminals of PEG were terminated with -NH 2 (PEG1000 Diamine, NOF Corporation, Japan), and only one terminal was terminated with -NH 2 (SUNBRIGHT MEPA-10H, NOF Corporation, Japan). The chemical structures of the PEGs are shown in Fig. 1 . The molecular weights of both PEGs were about 1,000. These terminated PEGs were dissolved in a 0.3-mol L À1 NaCl solution as a concentration of 2 mass%. In the solution, the -NH 2 terminal was dissociated and positively charged as -NH 3 þ . The pH of the PEG solution with both terminals modified was 11.2, and that of the solution with one terminal modified was 11.0. The resultant solution was used as an electrolyte for electrodeposition at 310 K. A commercially pure titanium disk (8 mm Â 2 mm in thickness) with grade 2 was metallographically polished and ultrasonically rinsed in acetone and deionized water (Millipore). The titanium disk was fixed in a polytetrafluoroethylene holder that was completely insulated from the electrolyte with the exception of an open window for electrodeposition (6:0 mm), as shown in Fig. 2(A) . Therefore, the exposed area for electrodeposition was 28.3 mm
2 . The open circuit potential of titanium, E open , vs. a saturated calomel electrode, SCE, before electrodeposition was measured as ca. À0:5 V. Thereafter, the cathodic potential was charged from E open to À5 V vs. SCE with a sweep rate of 0.1 V s À1 and maintained at this potential for 300 s. During charging, the terminated PEGs migrated electrically to a titanium cathode, where they were deposited as shown in Fig. 2(B) . After electrodeposition, specimens were rinsed in deionized water and dried with a stream of nitrogen gas (99.9%). For comparison, titanium was immersed in an solution containing PEG terminated at both terminals for 24 h without any electric charge.
Ellipsometry
The thickness of the PEG layer deposited on titanium was determined with an ellipsometer (DVA-36Ls, Mizojiri Optical Co., Ltd.) in air. The use of an ellipsometer resulted in the underestimation of the thickness compared to that in solution. The light source was a He-Ne laser with a wavelength of 632.8 nm, and the incident angle to the titanium surface was 70 . The thickness was calculated by optical constants: the refractive index and absorption coefficient of titanium oxide with the titanium substrate were 2.209 and 3.079, 3, 4) and those of the titanium substrate were 2.22 and 2.99, 5) respectively.
XPS
The immobilization manner of PEG to a titanium surface and the chemical bonding state were characterized using XPS (SSX100, SSI, UK). All binding energies given in this paper are relative to the Fermi level, and all spectra were excited with the monochromatized Al K line (1486.61 eV). The energy values were based on published data. 6) In order to estimate the photoelectron peak intensities, the background was subtracted from the measured spectrum according to Shirley's method. 7) The composition and thickness of the surface oxide and the composition of the substrate were simultaneously calculated according to previous studies. 8, 9) Empirical data 10) and theoretically calculated data 11) of the relative photoionization cross sections were used for the quantification. The relative photoionization cross sections used in this study are summarized in Table 1 , where ij = O1s represents the relative photoionization cross section of a level j electron of an element i to that of O 1s electrons.
An angle-resolved technique for XPS was applied to specimens at photoelectron take-off angles of 12 , 24 , 35 , 53
, and 90 , where the take-off angle is defined as the angle between the direction of the photoelectron path to the electron spectrometer and the specimen surface.
GD-OES
The depth profiles of elements from a PEG-electrodeposited layer and titanium substrate were determined using a GD-OES instrument (Jovin Yvon RF 5000GD-OES, HORIBA, Japan) with a power of 40 W in 600-Pa argon atmosphere. The spectral wavelengths (nm) employed for detecting various elements were as follows: H, 121.57; C, 156.14; N, 149.26; Ti, 365.35; and O, 130.00. 12, 13) The sputtering time was converted directly to the depth, assuming that the sputtering rate was constant throughout the analysis of the PEG-electrodeposited layer and titanium substrate. Table 2 shows the thicknesses of the PEG deposition layers determined by ellipsometry. These thicknesses are measured in air; therefore, the real thickness in solutions is larger than these values. The thickness of the deposition layer, in other words, the amount of deposited PEG, is the largest in this order: B-PEG immobilized with immersion for 24 h, B-PEG immobilized with electrodeposition for 300 s, O-PEG immobilized with electrodeposition for 300 s (B-PEG: PEG terminated at both terminals. O-PEG: PEG terminated at one terminal). This indicated that electrodeposition was more effective than immersion for the deposition of PEG on the titanium surface.
Chemical state of titanium and oxygen by XPS
Carbon, oxygen, titanium, and nitrogen were detected using XPS. Sodium and chlorine were not detected. Carbon and nitrogen originate from PEG molecules.
The typical Ti 2p electron energy region peak on the XPS spectrum is shown in Fig. 3 . The Ti 2p peak gave four doublets according to the valences, Ti 0 , Ti 2þ , Ti 3þ , and Ti 4þ . Published data 14) were used for the binding energy of titanium at each valence. Figure 3 shows an example of the decomposition of the Ti 2p spectrum. Ti 0 originating from a titanium substrate was detected at a large take-off angle but not at a small take-off angle. Ti 2þ , Ti 3þ , and Ti 4þ peaks were detected at all take-off angles and originated from titanium oxide, and the integrated intensity of Ti 4þ was the largest. The titanium surface oxide mainly consisted of TiO 2 containing a small amount of TiO and Ti 2 O 3 . In other words, the titanium surface was covered mainly by TiO 2 .
15) Therefore, the oxygen detected by XPS originated from PEG molecules and titanium oxide covering the titanium substrate, and titanium originated from both titanium oxide and the titanium substrate.
The O 1s electron energy region peak is deconvoluted to peaks originated from O 2À , hydroxide, or hydroxyl groups, OH À , and hydrate and/or adsorbed water. 16) Naturally, a titanium surface oxide contains hydroxyl groups at the surface and inside the oxide.
Depth profiles of elements obtained by the XPS
angular-resolved technique The entire PEG layer was detected by XPS because PEG was immobilized on titanium that was covered with titanium oxide. Surface oxide was detected by XPS at all take-off angles, and the titanium substrate was detected only at high take-off angles. When the PEG layer and/or titanium oxide layer is thick, the intensity of Ti 0 decreases because the signal from the titanium substrate is small.
The relative concentrations of carbon, oxygen, titanium, and nitrogen were calculated assuming that the gross amount of these elements, as detected using XPS, was 100 mole percent. The apparent concentrations of elements calculated under the assumption of a homogeneous depth distribution within the PEG-immobilized layer were dependent on the take-off angle, generally suggesting the existence of concentration gradients. The concentrations of carbon, oxygen, titanium, and nitrogen obtained by the angle-resolved technique are plotted in Fig. 4 against the average escape depth of photoelectrons. In the average effective escape depth of photoelectrons for angle-resolved XPS measurements, is the average mean-free-path of C 1s, O 1s, Ti 2p, and N 1s photoelectrons, and the effective escape depth is estimated as times sin (take-off angle). The concentrations of carbon at small take-off angles were high, indicating that carbon atoms distribute more in the outer layer than in the inner layer in the PEG layer (Fig. 4(A) ). The concentrations of oxygen at small take-off angles were low, indicating that oxygen distributes more in the inner layer than in the outer layer in the PEG/titanium oxide combination layer (Fig. 4(B) ). The concentrations of titanium at small take-off angles were low, indicating that titanium distributes more in the inner layer than in the outer layer, which is natural because the PEG layer is formed on titanium oxide covering a titanium substrate (Fig. 4(C) ). In these elements, no difference between electrodeposition and immersion was observed.
The concentration of nitrogen is relatively low when compared with those of carbon, oxygen, and titanium (Fig. 4(D) ) because the concentration of nitrogen in the PEG molecule is very small (see Fig. 1 ). At all take-off angles, nitrogen in electrodeposited PEG terminated at both terminals and PEG terminated at one terminal were much smaller than both-terminated deposited with immersion. Nitrogen originates from terminal amines in PEG. The photoelectron signals detected by XPS from a deep site are weak because they decay as they pass through molecules and solids. Therefore, more nitrogen existed inside the PEGimmobilized layer. The results above show that the PEG layer exists on the titanium surface oxide and the oxide exists on the titanium substrate. In addition, more nitrogen atoms in PEG molecules are located inside the PEG-immobilized layer as a result of electrodeposition than they are with immersion. PEG immobilized on titanium does not always form a single layer; but it forms a multi-layer. Even in this case, nitrogen in each PEG layer exists inside the layer.
3.4 Chemical bonding of amine to a titanium surface as determined by XPS Typical XPS spectra of an N 1s electron energy region and the deconvolutions of these peaks are shown in Fig. 5 according to published data. 17, 18) A change in the ratios,
, in the N 1s peak is shown in Fig. 6 . This ratio is much smaller in electrodeposited specimens than it is in immersed specimens. Nitrogen atoms in electrodeposited specimens existed as a N-HO bond rather than as NH 3 þ . The N-HO bond is preferential at the interface between an amine and a titanium surface, i.e., in the first layer of PEG þ and OH À on titanium oxide. This indicated that a strong ionic bond was formed between the amine and titanium oxide with electrodeposition, while a weaker bond was formed with immersion. A certain amount of PEG is immobilized on titanium not only with electrodeposition but also with immersion when PEG is terminated by amine and charged in an aqueous solution. However, more terminated amines exist at the surface of titanium and combine with titanium surface oxide as a N-HO bond with electrodeposition, while more amines randomly exist in the PEG layer and fewer amines form an ionic bond with titanium oxide with immersion. In PEG terminated at both terminals, the PEG deposited in a U-shape because both terminals combined with the titanium surface; in PEG terminated at one terminal, the PEG deposited as a brush because only one terminal combined with the surface in the first immobilized layer.
Depth profiles of elements by GD-OES
The GD-OES results are expressed with the emission lines plotted against the acquisition time. The depth profiles of elements of a PEG layer immobilized with electrodeposition on titanium and that with immersion obtained with GD-OES are shown in Fig. 7 . The dashed line represents the interface between the PEG layer and titanium surface oxide, which is determined by the following element profiles: the minimum value in hydrogen and change in the slope of titanium. Hydrogen is absorbed to titanium by a specimen preparation process that includes polishing and electrodeposition. Hydrogen evolution during electrodeposition increases with a cathodic potential according to the Pourvaix diagram; 19) therefore, the amount of absorbed hydrogen increased after electrodeposition.
The nitrogen signal outside the interface originates from PEG molecules, while that inside originates from the nitrogen-absorbed titanium oxide and substrate. In the electrodeposition of PEG terminated at both terminals, nitrogen in the PEG molecules increased toward the interface (Fig. 7(A) ); however, in immersion, it decreased ( Fig. 7(B) ). That is, more nitrogen atoms in PEG molecules are located inside the PEG-immobilized layer formed with electrodeposition than inside that formed with immersion. In this sense, the XPS result shown in Fig. 4(D) is completely in accordance with this GD-OES result.
According to the results above, the immobilization manner of the first PEG layer determined with XPS and GD-OES is illustrated in Fig. 8 .
Conclusions
In this study, the immobilization manner of PEG terminated with amines at both terminals and at one terminal was characterized with an XPS angular-resolved technique and Immobilization Manner of Amine-Terminated PEG Electrodeposited on TitaniumGD-OES. In the first layer of immobilized PEG formed with electrodeposition, more terminated amines exist at the interface between the PEG layer and titanium oxide and combine with titanium oxide as a N-HO ionic bond formed between NH 3 þ and OH À , while more amines randomly exist as NH 3 þ in the PEG layer formed with immersion. In the PEG terminated at both terminals, the PEG immobilized as a U-shape because both terminals combine with the titanium surface; in the PEG terminated at one terminal, the PEG was immobilized as a brush because only one terminal combines with the surface. Over second layers, nitrogen atoms mainly exist as NH 3 þ , while nitrogen is located deeper within the PEG layer. The characterization with XPS and GD-OES is useful to determine the immobilization mode of PEG relative to a solid surface.
